Summary. [ When the kinetics of the uptake of 2-deoxyglucose by the spermatozoa were studied by using mannitol as an extracellular marker, the transport was saturable and was inhibited by cytochalasin B. The Km was 1\m=.\6\ m=+-\ 0\m=.\33mm and the Vmax was 4\m=.\2\ m=+-\ 0\m=.\52 nmol/108 spermatozoa/10 sec (mean \m=+-\s.e.m., n=4).
Introduction
Experiments designed to study the transport of substances across membranes into cells or organelles frequently rely on rapid separation of the cells from the medium by centrifugation through a layer of silicone oil (see Wohlheuter, Marz, Graff & Plagemann, 1978) or by rapid filtration (Britten, Roberts & French, 1955) . These techniques have been applied to the study of 2-deoxyglucose uptake by spermatozoa (Hiipakka & Hammerstedt, 1978a, b) . Such separation procedures are efficient but the cells are inevitably contaminated with a small amount of the medium. The error introduced by this contamination is particularly significant with spermatozoa because of the very small intracellular water space, e.g. the water space of ram spermatozoa is 2-2-4 µ1/108 cells (Hammerstedt, Keith, Hay, Deluca & Amann, 1979 ) compared with 150 µ1/108 cells for mouse fibroblasts (see Wohlheuter et al., 1978) . The problem can be overcome to a large extent by including a substance which cannot penetrate the cells or bind to their surfaces in the incubation medium. The concentration of this 'marker' in the cell pellet allows the degree of contamination with medium to be determined and allowed for in subsequent calculations.
The present experiments were undertaken to determine whether [U-14C] sucrose or D-[l-14C]mannitol was a suitable extracellular marker for human spermatozoa and to measure the water space of these cells. Carboxyinulin, which is often used as an extracellular marker for other cells (see Wohlheuter er al., 1978) , was rejected because it binds to the surface of spermatozoa (Crabo et al., 1975) .
To illustrate the application of this technique the kinetic constants for the uptake of 2-deoxyglucose by human spermatozoa were determined. 
Materials and Methods

Chemicals
Spermatozoa
Ejaculates collected by masturbation were supplied by student volunteers who were free from urogenital infections. Spermatozoa were separated from the seminal plasma by centrifugation through a layer of Ficoll (Harrison, 1976) 75 µ and an aqueous layer consisting of 25 µ 7-5% (w/v) sucrose + 0-6% (v/v) Triton X-100 was put between the oil layers. This made it easier to isolate the pellet free of contamination from the upper aqueous phase (medium) and this system was used for all the experiments with 2-deoxyglucose.
Sperm suspension (0-2 ml) was placed on top of the oil layers and the tube was centrifuged at about 8000 g for 2 sec. The tube was frozen by standing it upright in liquid nitrogen and stored at -20°C. The sperm pellet was isolated by cutting out the region of the tube containing it. It was shaken out of the plastic ring and homogenized in 1 -5 ml 5% (w/v) formic acid with an Ultra-Turrax blender. The denatured spermatozoa were removed by centrifugation and 1 -0 ml of the supernatant was mixed with 10 ml scintillant (0-25% (w/v) 2,5-diphenyloxazole (PPO), 0-01% (w/v) l,4-di-2-(5-phenyloxazolyl)-benzene (POPOP) Portions of sperm suspension were mixed with 3H20 (10 µ / ), 0-3 mM-D-[l-14C]mannitol (1 µ / ) and PBS buffer to yield cell concentrations in the ratios 3:2:1. The most concentrated suspension contained about 220 IO6 spermatozoa/ml. After standing for 5 min, 0-20 ml samples were removed from the suspensions and centrifuged (8000 g) on silicone oil gradients.
Effect of various treatments on the water space
Control spermatozoa were held in PBS buffer. The other treatments were : cooling on ice for 5 min and addition of 0,0-0008, 0-008 or 008% (v/v) Triton X-100 to the medium and standing on ice for 5 min, centrifugation (600 ¿jav, 10 min, room temperature) and resuspension in ice-cold 10 mMpotassium phosphate pH 7-4 for 5 min, sonication (6 10 sec bursts, 100 W, 6-8 µ peak to peak with 20 sec between each burst). After the treatment period 3H20 (10 µ / ) and 0-3 mM-D-[l-14C]mannitol (1 µ / ) were added to the suspensions which were stood for 5 min at room temperature before 0-20 ml samples were removed and centrifuged.
The effect of the osmolarity of the medium on the water space
The pooled semen was divided into aliquots which were centrifuged in different tubes and the sperm pellets were resuspended in 20 mM-Hepes pH 7-4 containing 50, 80, 110, 140, 170 In some experiments 0-4 mM-cytochalasin B, 2 mM-phloridzin or 20 mM-D-glucose was mixed with 2-deoxyglucose solutions before the addition of the spermatozoa. In other experiments the spermatozoa were preincubated with 1 -0 mM-cytochalasin for 5 min before they were added to the 2-deoxyglucose solution.
The kinetic constants were calculated using an iterative non-linear regression programme (Duggleby, 1981) . The points were weighted according to their standard deviations.
Results and Discussion
The silicone oil separation procedure was quite efficient and only 3-5 µ of the extracellular medium were carried down with the sperm pellet. However, this was equivalent to 10-15 µ1/108 spermatozoa or roughly 6 times the intracellular water space. Greater contamination occurred in some cases but this resulted in obviously discrepant results which were excluded from further analysis.
When human spermatozoa were incubated with 3H20 and 003 mM-[U-14C]sucrose the apparent water space was negative and declined further during the first hour of the incubation (Text- fig. 1 ). Therefore sucrose must be bound to the surface of the spermatozoa or be transported into the intracellular compartment, and low concentrations of sucrose are not suitable as extracellular markers for human spermatozoa.
The water space measured with 0-03 mM-D-[l-14C]mannitol was about 2 µ1/108 spermatozoa after short periods of incubation but declined to about 0-3 µ1/108 spermatozoa after 1 h(Text- fig. 1 ).
When the concentration of D-[l-14C]mannitol was increased to 0-3 mM the measured tritiated water space was stable for 2 h and the water space was the same whether the 'space markers' were present throughout the incubation or were added after 90 min (Text- fig. 1 ).
A plot of the total water space against sperm concentration yielded a straight line (Text- fig. 2 ). However, the line did not pass through the origin and this could result in a substantial overestimate of the water space with concentrations of < 100 106 spermatozoa/ml. In the concentration range used for the experiments the maximum error from this source was < 4%. The tritiated water space was 2-21 ± 0T06 µ1/108 spermatozoa (mean ± s.e.m. (6 batches of pooled semen with at least 4 observations per batch)). This compares with 2-0-2-4 µ1/108 spermatozoa measured by electron spin resonance in ram spermatozoa (Hammerstedt et al., 1979) and about 1-5 µ1/108 spermatozoa measured by gravimetric and morphometric methods in bull spermatozoa (Drevius, 1972) . The overall dimensions of ram, bull and human spermatozoa are quite similar (Mann, 1964) . Calculations from morphometric measurements give the total volume of 108 human spermatozoa as 1 -7 µ (see Mann & Lutwak-Mann, 1981 ) or 2-6 µ (Glander & Dettmer, 1978) . Therefore, the results of our measurements are similar to those obtained by other procedures although they seem a little higher than the morphometric measurements would suggest in view of the very sparse cytoplasm in the mature sperm cell.
Hypotonie lysis, sonication or 008% Triton X-100 decreased the measured water space to zero. The negative values were probably produced by mannitol binding to intracellular components ( Table 1 ). Cold shock reduced the water space to about 50% of the control value and low concentra¬ tions of Triton X-100 had no further effect. This could reflect a selective effect on different cell compartments or variation in the sensitivity of different spermatozoa. Even centrifugation followed by resuspension in PBS buffer caused a significant decrease in water space, suggesting that the sperm plasma membrane is quite vulnerable to mechanical damage (Table 1) .
Spermatozoa swell in hyposmotic media (Drevius, 1972) and this produced easily detectable changes in their water space (Text-fig. 3 ). The water space in the spermatozoa roughly doubled when the calculated osmolarity of the medium was decreased from 430 to 130 mosmol/1.
The data presented here demonstrate that mannitol is an effective extracellular marker for human spermatozoa when concentrations > 0-3 mM are used. Lower concentrations did not yield reliable results. This discrepancy is probably caused by the presence in the sperm suspension of a small number of binding sites with a high affinity for mannitol. These sites may be in cells with leaky membranes since lysis of the spermatozoa resulted in the binding of mannitol (Table 1) . The (Gibbons & Frank, 1972) , and would be sufficient to inhibit completely the activity of human sperm phospho¬ fructokinase in the absence of activators such as AMP (Peterson & Freund, 1970) . The uptake of 2-deoxyglucose from a 0-1 mM-solution was linear with time for at least 40 sec (Text- fig. 4a ) but became non-linear after about 10 sec with 1-5 mM-2-deoxyglucose (Text- fig. 4b ). In some experiments, including those illustrated, an extrapolation of the graph to zero time crossed the ordinate above the origin. The intercept corresponded to the apparent uptake of 2-deoxyglucose in the presence of high concentrations of inhibitors of 2-deoxyglucose transport (Text- fig. 4a ). Therefore the discrepancy was not due to a very rapid initial phase of facilitated diffusion but is likely to be caused by the rapid binding of 2-deoxyglucose or an impurity to material in the sperm suspension. To circumvent this problem, control incubations with cytochalasin B-treated spermatozoa were included in all subsequent experiments. The transport system for 2-deoxyglucose was saturable and demonstrated Michaelis-Menten kinetics (Text- fig. 5 ). It was effectively blocked in spermatozoa exposed to 1 0 mM-cytochalasin although the motility of these cells was the same as that of controls when examined under the light microscope. The kinetic constants were : Km 1-6 ± 0-33 mM; Vmax 4-2 ± 0-52 nmol/108 spermatozoa/10 sec. In comparison to values from other species converted to the same units (ram, Km 0.16, Fmax 3-9; bull, Km 013, Fmax 7-2; rat Km 0-2, Kmax 13; Hiipakka & Hammerstedt, 1978a, b; W. C. L. Ford & D. W. Hamilton, unpublished results) the maximum rate of 2-deoxyglucose accumulation by human spermatozoa is similar but the affinity of the transport system for 2-deoxyglucose is unusually low. Our values are supported by the observation that the rate of accumulation of [U-14C] glucose by human spermatozoa was dramatically increased when its concentration was raised from 1 -0 to 10-0 mM (Peterson & Freund, 1969) . Hexokinase from bull spermatozoa is not inhibited by cytochalasin (Hiipakka & Hammerstedt, 1978a) unlikely that phosphorylation of 2-deoxyglucose rather than its transport is the rate limiting step in our experiments.
